This paper is devoted to an experimental work which consists of the analysis of the flame of a small solid propellant sample, AP/Al/HTPB, subjected to a longitudinal acoustic wave. Experiments were conducted in a closed tube under two mean pressures: 1 and 2.5 MPa. The qualitative and quantitative analysis of the flame snapshots, using a microscope and a high-speed camera, revealed that the acoustic wave created at the end of the chamber by a pulser system strongly affects the flame and the combustion products dynamic above the solid propellant surface, namely, the flame and the hot products oscillate around a line perpendicular to the propellant surface. This dynamic of the hot gas disturbs the local burning rate and the regression surface profile. Thus, the thrust and the burning duration will change, therefore, the flight path of the rocket may shift and can lead to failure of the mission.
Introduction
Combustion instabilities have been encountered in numerous solid rocket motors (SRMs), including the Space Shuttle solid-propellant rocket boosters, the Minuteman intercontinental ballistic missile, and the Mars Pathfinder descent motor. 1 In SRM, there are two main sources of combustion instability: a set of acoustic resonances or pressure fluctuations, which can occur with any rocket motor; and vortex shedding phenomena, which occur only in relatively large segmented grains or in grains with circular slots. Under certain conditions, the pressure oscillations due to the acoustic waves within the combustor can quickly build up into very large amplitude and instabilities may occur due to the coupling between heat release oscillations and acoustics. When a solid propellant rocket engine experiences unstable combustion, the pressure in the interior gaseous cavities oscillates by at least 5%, often by more than 30% of the mean pressure. 2 Instabilities are manifested by an increase in the heat transferred to the solid phase, to the nozzle and to the combustors, wall which is subjected to severe vibrations and thermal stresses; the burning rate, the mean pressure, and the thrust usually increase, thus, the burning duration is decreased. All these changes, especially in the thrust and the burning duration, will affect strongly the flight path and could lead to failure of the mission.
Combustion instabilities are characterized by large amplitude oscillations of one or more natural acoustic modes of the combustor. They are spontaneously excited by a feedback loop between an oscillatory combustion process and, in general, one of the natural acoustic modes. The triggering of a particular oscillation mode is still not well understood. The coupling between combustion processes and acoustic motions within the chamber makes it necessary to study the acoustics in a combustor and attempt to understand the complete and detailed interactions between them. Lord Rayleigh was the first to state the so-called Rayleigh criterion, which describes the conditions under which a periodic heat-addition process adds energy to acoustic oscillations. The criterion states that the heat-addition process adds energy to the acoustic field when the magnitude of the phase between the pressure and heat-release oscillations is less than 90 . Conversely, when these oscillations are out of phase, the heat-addition oscillations dampen the acoustic field. 3 Possible causes of combustion instability must be carefully investigated during the design of new devices to avoid disaster. Many studies that engage in combustion stability prediction are based on Culicks papers [4] [5] [6] [7] [8] published in the early 1970s, which are considered later as the foundation of stability prediction methods and still now in use. 9 As well, the study of combustion response of propellant to pressure oscillation began in the early 1960s, when Culick 10 and Novozhilov 11 established a pressure-coupled response function to study the stability behavior of a rocket motor. This theory was extended and developed later by Levine and Baum 12 and Cohen and Strand. 13 The recent models were proposed by Brewster and Son 14 and Brewster et al. 15 However, these models provide limited information about the burning behavior, because they don't consider the grain structure, the change in the flame structure, and associated heat release due to acoustic waves. Thus, the need to investigate deeply this field is required.
In the last decade, there have been several studies into the interaction between the oscillations of the gas and the combustion zone in a SRM that have resulted in combustion oscillations, usually referred to as a ''combustion response.'' It is characterized by oscillation in the gasification rate of the solid phase. 16 The transient response of premixed flames to acoustic waves has been numerically addressed by Chu et al. 17 and Cai et al. 18 after they developed a comprehensive theoretical/numerical model for treating AP/HTPB composite propellant combustion in a rocket motor environment. 19 In contrast, the interaction between thermo-acoustic oscillations and liquid fuel sprays has been the subject of many theoretical and experimental studies. [20] [21] [22] [23] These investigations also include the work of Yang and Anderson 24 and Harrje and Reardon 25 on combustion instabilities in a liquid rocket engine.
Recently, Rezaiguia and Liu 26 investigated the flame behavior of solid laminate propellant, AP/HTPB, to pressure perturbations within a closed combustor. Results revealed that the acoustic wave induced modifications on the flame structure and burning surface profile. In the same context, the present paper will examine the combustion response of a small solid propellant sample, AP/Al/HTPB, to a longitudinal acoustic wave. The dynamic response of the combustion process can be divided into two contributions: the first one is due to the pressure fluctuations, namely, the pressure coupling; the second one is due to the action of the perturbations in the parallel component of the velocity of the mean flow to the burning surface: velocity coupling. [27] [28] [29] Results from a real SRM environment showed that pressure fluctuations due to acoustic waves or the action of the mean flow could be present at the same time. Therefore, their effects on the combustion process are linked and it is difficult to separate them. Thus, the present work attempts to separate these two dynamics, first by considering a closed tube with no mean flow, and second by investigating the flame dynamic when subjected to pressure fluctuations induced by an acoustic standing wave, created by a pulser system linked to the end of the combustor.
Conventional T-burner architecture was the inspiration for the test bench. A small sample of solid propellant AP/Al/HTPB is used to characterize combustion response to the pressure perturbations. The Fourier analysis of the pressure signal reveals that one dominant frequency of 172 Hz is established within the tube, which corresponds to the first axial harmonic in a duct of 1000 mm in length. Thus, the propellant sample is put in the middle shell of the duct (velocity oscillation antinode), where the amplitude of the displacement of the gas particle is at maximum. This paper is organized into three sections: Experimental apparatus section describes the test bench and its equipment; Results and discussion section analyzes and discusses the experimental results; Conclusion section describes all conclusions reached based on those results.
Experimental apparatus
The test bench is composed of a combustion chamber, a pulser system, static pressure sensors, an acquisition system, an ignition timing controller, a buffer bottle, a control unit of solenoid valves, two computers, a microscope, and a high-speed camera (Phantom v4.3), as shown in Figure 1 . The combustion chamber is a high-pressure tube 1000 mm in length, with a squared 140 mm Â 140 mm cross section, made of stainless steel. It is pressurized using nitrogen gas; an electromagnetic valve allows for adjustment of the mean pressure.
The pulser system creates pressure oscillations and consists of a small combustion chamber where a black powder is burned. Its combustion products are injected at high velocity into the combustor to create a pressure disturbance that builds up into an acoustic wave. An ignition timing controller ignites the propellant. The system includes two optical windows made of quartz glass in the middle shell of the combustor, which allow a 1000 frames/sec high-speed camera to capture the combustion process. High-frequency sensors record static pressure at different locations in the combustor; the sensors link to an acquisition system and sampled at 10 kHz.
The propellant sample is a parallelepiped 20 mm in height, 1 mm wide, and 1.5 mm thick.
Results and discussion
This section is divided into two subsections. Section 3.1 describes the natural combustion process of the solid propellant sample within the tube (pulser system inactive). Section 3.2 analyses the results of the controlled case (pulser activated). All experiments are performed under two mean pressures, 1 and 2.5 MPa. The luminous flame seems to be attached to the burning surface and the brightness decreases vertically. The flame structure is unsteady (i.e., flickering), three-dimensional, and not truly axisymmetrical. Figure 3 shows a micro-scale of the combustion zone under a mean pressure of 1 MPa. The unburned phase is the darkest region, denoted by a red rectangle. The dotted red line is the apparent side of the burning surface, which separates the grain and the brightest zone. For simplicity, this paper calls this as ''burning surface.'' The brightest region is composed of glowing aluminum oxides, which radiate intensively, as well as of aluminum particles, and HTPB residuals (see Figure 4 ). There are additional elements not visible to the high-speed camera, such as AP crystals and liquid particles. For more details about the solid propellant combustion, the reader can refer to the article of Kubota. 30 The burning surface is not homogeneous ( Figure 5 ), but its overall shape can be considered a straight horizontal line and remains unchanged during the burning of the sample. The aluminum droplets (Figures 4 and 5) are separated from the burning surface and lifted by the combustion products gas. At high pressures, Al 2 O 3 smoke obscures the propellant combustion environment, making it difficult to observe the burning behavior of aluminum agglomerates. Nevertheless, high-speed photography is effective near the burning surface where there is less smoke.
Natural case (pulser system inactive)
Aluminum powder for typical composite propellants is often manufactured by atomizing molten aluminum into a gas stream with low oxygen content. While the droplets are cooling, oxidation of the droplet surfaces starts, and finally, the droplets are coated with Al 2 O 3 oxide. During the deflagration of an aluminized solid propellant, the aluminum does not decompose to a vapor at the burning surface, because the temperature is below its melting point. However, leaking of aluminum from the oxide coating can occur and lead to sintering in assemblages of particles and once the oxide coating is broken down, the aluminum become extremely reactive in the combustion zone. 31 Figure 6 shows the evolution of an agglomerate of aluminum during the combustion of the propellant. The dotted yellow circle marks the region of the regression surface where an assemblage of aluminum will take place (Figure 6(a) and (b)). As the concentration progresses on the surface, the uppermost particles presumably become hotter and become oxide shells containing molten aluminum which starts to shine (Figure 6(c) and (d)). When the aluminum has high surface tension, the glowing molten aluminum turns to a spherical assemblage or agglomerate ( Figure 5(f) ). Finally, the mature agglomerate leaves the burning surface ( Figure 6 (g)) and it is convected away by the hot gas ( Figure 6 (h) and (i)).
If combusting the propellant sample under a mean pressure of 2.5 MPa, the flame is more intense compared to the first case. The average burning rate is increased, which is compatible with the empiric equation relating burning rate to mean pressure of the combustor. In addition, the increase in the mean pressure of the combustor has many effects on the particle size distribution and their flow velocity. The following paragraphs deal with the flow velocity of the particles and their size distribution.
3.1.1. The particle size distribution. The aluminum droplets have different size and flow at different velocities near the burning surface. Figure 7 presents selected pictures of the combustion products of the propellant near the burning surface. The first (Figure 7 (a) to (e)) and the second (Figure 7 (f) to (j)) rows show the results under the mean pressure of 2.5 and 1 MPa respectively. In both cases, the aluminum agglomerates range in size from 50 to 300 mm. Particle diameters larger than 300 mm were difficult to detect due to the smoke. A qualitative analysis of the data revealed that the increase of the mean pressure from 1 to 2.5 MPa promotes the formation of smaller particles. This tendency of the aluminum agglomerates with respect to the mean pressure for different solid propellant was confirmed before by many works. [32] [33] [34] [35] Solid combustion products are known to provide for damping of combustion instabilities. The amount of particle damping depends on size; large droplets dampen lower frequencies, while smaller particles damp out higher frequencies. The calculation of particle damping is well established in many studies. 6, [36] [37] [38] As it found in this work that the increase in the mean pressure promotes smaller particles in the combustion products; therefore, a higher mean pressure is the best environment for the particle damping mechanism. However, the increase of the chamber pressure promotes the susceptibility of a propellant to pulsed instabilities. [39] [40] [41] [42] [43] Thus, there is a compromise between particle damping, mean pressure, and the susceptibility to pulsed instability.
The flow velocity of the aluminum agglomerates.
Particle velocities were measured using the particle tracking method. Graphs in Figure 8 plot the flow velocity of the aluminum droplets near the burning surface, with respect to their diameter under the two mean pressures considered in this study. At 1 MPa, the velocity of the particles drops sharply with the increase of the diameter from 50 to 200 mm; the velocity then decreases slowly and steadily. The same trend is recorded when the mean pressure is increased to 2.5 MPa, when measuring the velocity of big particles becomes difficult due to smoke. Higher combustor pressures yield increased velocities for all particles sizes. Liu et al. 34 also noted this behavior when they studied the dynamic combustion process of aluminum particles in an AP composite propellant using optical methods. Their results are presented in Figure 9 . The gap in the velocity magnitude is due to the different composition of the propellant used.
During the velocity measurements, we were able to observe that some agglomerates move along the burning surface during their formation and evolution, prior to their separation. This phenomenon also was observed by Liu et al. 34 Figure 10 illustrates this phenomenon. The dotted yellow circle marks the zone where an aluminum agglomerate is formed. It remains in the same position (see Figure 10 (a) to (d)), but its brightness increases. From Figure 10(d) , the glowing particle starts to roll on the burning surface to the left for 85 mm and reaches the fifth position (see Figure 10 (h)), where it starts its separation from the burning surface due to the force of the hot gases. This dynamic of the agglomerates will affect the combustion of the propellant. Therefore, it needs to be studied in depth to investigate its effect on the burning of the propellant.
Controlled case
To reproduce what happens in a real SRM, the camera is focused on the bottom of the propellant sample and the pulser system is activated when the flame appears in the field view of the camera, which is 4 mm wide and 3 mm in height. Three static pressure sensors are used to register the pressure within the tube, one on each end and one in the middle shell (see Figure 11 ). Figures 11  and 12 plot the evolution of the static pressure in these locations under a mean pressure of 1 and 2.5 MPa, respectively. According to the state of the pulser, graphs can be subdivided into two regions; before the activation of the pulser, the pressure is constant and equal to the mean pressure within the tube. The small difference between sensors is due to their self-error and the slight decrease in pressure in the second case (mean pressure of 2.5 MPa) is due to a nitrogen leak from the connection lines. When the black powder is ignited, the pressure inside the combustion chamber of the pulser shows a sudden increase (Figures 13 and 14 ) and the combustion products of the black powder are injected into the duct to create the desired pressure disturbance in the combustor, and thus the pressure shows a sharp but only slight rise, followed by a steady decline. The desired pressure fluctuations in the combustor occur only in the first 100-200 ms after the initiation of the pulser. After treatment of that data, the pressure oscillations within the tube are illustrated in Both cases considered in this study (mean pressure of 1 and 2.5 MPa) display pressure oscillations at the two ends of the tube (see . However, in the middle shell, there is no pressure fluctuation except the small oscillation due to the sensor's noise (Figures 19  and 20) .
The maximum amplitude of the fluctuation is about 2% of the mean pressure (1 MPa). Because the pulser system connects near the left sensor, it registered 3.75% (Figure 15 ), but this value rapidly dropped to 2%. Additionally, the right sensor recorded a value less than 2% (about 1.7%) due to the losses to the exposed wall of the tube (Figure 16 ). After raising the mean pressure to 2.5 MPa, the maximum amplitude of the fluctuation is about 0.6% of the mean pressure. A previous study of the pulser system revealed that the amplitude of the fluctuation is related to the quantity of black powder burned in the pulser system and the mean pressure within the combustor.
White noise from the readout electronics may contaminate output signals, necessitating a filtering process. The resulting signal is then transferred to the frequency domain using Fourier transform to extract the dominated frequencies. The Fourier analysis shows one dominant frequency of 172 Hz (Figures 21  and 22 ). From the classical acoustics theory that deals with standing waves in an enclosure, the frequency of a wave is equal its speed of propagation divided by the wavelength. In the axial mode, the wavelength is proportional to the length of the tube, thus, this dominant frequency corresponds to the first axial mode or the fundamental mode in a duct that is 1000 mm in length and closed at both ends. The velocity of the propagation of the disturbance is the speed of sound, which is a function of the temperature distribution and the chemical system properties.
All these outcomes show that the pulser system considered in this study has successfully created a standing acoustic wave within the tube with one dominant frequency that is the fundamental axial mode of a closed chamber. The wavelength of this mode is equal to twice the length of the tube. Figure 23 illustrates the standing wave of the first harmonic longitudinal mode of a pipe closed at both ends. It outlines the axial displacement of gas particles (velocity oscillation) and the pressure oscillation inside the tube. In terms of the velocity, the fundamental longitudinal mode has two nodes located at both ends of the tube and an antinode in the middle. The location of pressure oscillation nodes and antinodes is the exact opposite of velocity nodes and antinodes.
After the successful establishment of a standing wave within the tube using the pulser system, the next paragraphs will discuss the combustion behavior of the propellant sample when the acoustic wave has induced pressure fluctuations. Figures 24 and 25 show a sequence of pictures of the flame and the combustion products above the burning surface of the propellant sample tested under a mean pressure of 1 and 2.5 MPa, respectively. The time interval between pictures is 1250 ms.
As mentioned earlier, the combustion products of the propellant move perpendicularly away from the surface. However, after activating the pulser system, the hot gas and the aluminum droplets start to quickly oscillate around the vertical axis of the propellant sample. Therefore, the acoustical excitation or the standing wave established within the combustor is responsible for this change in the product dynamics. The flame region will oscillate as well. This dynamic is the qualitative response of the combustion of the solid propellant sample to pressure disturbance. The acoustic theory proves the above interpretation, namely, the standing wave of the fundamental axial mode has one antinode and two nodes ( Figure 23 ). While the antinode refers to the positions with maximum velocities, the nodes refer to positions of minimum displacement. Also, the measurements of the static pressure attest the acoustic mode obtained. Since the propellant sample is placed in the middle shell of the chamber, the combustion products will execute a longitudinal oscillating motion parallel to the burning surface. Obviously, this oscillating movement of the products will affect the entire flame zone processes by enhanced mixing.
From pictures in Figure 24 , the frequency of the oscillation of the combustion products can be computed. The overall measurement results revealed that this frequency is in the same order of the frequency of the fundamental axial mode. The amplitude of the oscillation can be defined as the angle between the symmetric axis of the plume and the burning surface of the propellant sample. During oscillation, this amplitude decreases exponentially and follows the decay of the pressure fluctuations. Thus, the hot gas dynamic is in a perfect correlation with the pressure oscillations. In addition, the macro recording of the combustion process of the propellant sample showed that after less than one second, the oscillation of the combustion products is damped down and returns to its natural flow configuration, because the acoustic disturbance is damped through the chamber walls.
The flame oscillations described previously allow for a definition of three distinct flame positions: middle (undisturbed), left, and right. For these last two positions, the flame moves closer to the propellant surface, and thus, the energy transferred to the solid phase is increased. However, in the middle position, the flame goes back to its initial position, therefore, the energy feedback will decrease. As a result of the combustion response to the pressure disturbance, the energy feedback to the unburned phase passes during the first quarter cycle of the flame oscillation from a maximum value to a minimum value. The path is reversed in the second quarter; therefore, the energy transferred to the solid phase oscillates in a manner similar to the flame and hot products. In addition, the motion of the hot gas above the burning surface will alter and enhance the local mixing of fuel and oxidizer and the ensuing diffusion flame structure. All these changes will modify the burning surface profile and the local burning rate.
The following paragraphs will investigate the effects of the standing wave on the burning surface profile, the burning rate, and the aluminum agglomerates behavior. Figure 26 represents the burning surface profile of the propellant sample under two mean pressures: 1 and 2.5 MPa, in the absence of pressure perturbations. Two red vertical lines delimit the solid phase of the propellant sample and the brightest zone is the combustion products. These two zones are separated by the regression surface, which has an overall shape of a quasi-horizontal straight line. Figure 27 shows a sequence of pictures of the combustion of the propellant sample when exposed to pressure perturbations to illustrate the effect of the standing wave on the burning surface profile and to confirm the above interpretation. The unburned phase is bordered by two vertical red lines; the regression surface is marked by a yellow dotted line and the brightest zone is the combustion products. Comparison between Figures 26 and 27 reveals that the standing wave strongly affects the burning surface profile. While it was a quasi-horizontal straight line in the absence of pressure perturbations, its shape continuously changes and follows the motion of the hot products. Increasing the mean pressure within the combustion chamber to 2.5 MPa produces the same result ( Figure 28 ).
Burning surface profile.

3.2.2.
Burning rate. The regression rate was measured from the high-speed data using a specific software package of the camera. Seven points on the burning surface of the propellant sample were chosen and their evolution was followed during the combustion process. The ratio of their traveled distance to time provides the local burning rate. Figures 29 and 30 plot the results for the mean pressure of 1 and 2.5 MPa, respectively. The width of the propellant sample is, 1 mm, corresponds to 200 pixels. When the pulser system is disabled, the burning rate is almost constant for both cases of mean pressure. Their average values are 4.16 and 5.18 mm/sec for mean pressure 1 and 2.5 MPa, respectively. The results obtained are compatible with the theory, because the burning rate conforms to the classical St. Roberts burning rate law. 9 When the pulser system is activated, the local burning rate is no longer constant along the burning surface, instead oscillating around a mean value. This oscillation is driven by the fluctuation of the heat feedback to the unburned phase. perpendicularly to the burning surface of the propellant in absence of pressure oscillation (see Figure 7 ), they move left and right far away from the regression surface, under control of the acoustic wave. Their motions depend on their size; smaller particles oscillate with higher amplitude than larger particles, due to their difference in mass. According to the deterministic motion of the aluminum droplets induced by the standing wave, the smallest gas particles will execute the same dynamic with high velocity. Therefore, the vorticity will increase above the burning surface and enhance the mixing fuel/oxidizer. Another interesting observation is the height of the flame, which decreases in the presence of a pressure disturbance. It is possible to observe flame shrinkage when the mean pressure is 1 MPa (see Figure 31 ), because the amplitude of the pressure oscillation (2%) is larger than the second case (0.6%). Additionally, the reduction of the flame will increase the density of the high temperature near the burning surface, and therefore, the heat transfer to the unburned phase will increase as well.
It seems that a pressure disturbance with small amplitude (under a mean pressure of 2.5 MPa) does not affect the droplets distribution, except for their dynamic. However, oscillations with large amplitudes (under a mean pressure of 1 MPa) appear to reduce the emission of the droplets. This phenomenon may alter the damping capability, because it depends on the density of the particles.
3.2.4. The flow velocity of the aluminum agglomerates. The particle tracking method was again used to measure the flow velocity of the different particles. Figure 33 plots the flow velocities of each test case, with and without pressure disturbance, to assess the effects of the acoustic wave on the dynamic of the aluminum particles under the mean pressure of 1 MPa. The two graphs exhibit the same trend, which is the sharp drop in the velocity of the particles with the increase of the agglomerates diameter. However, the presence of a pressure disturbance increases the velocity with a steeper slope. The smallest particles (diameter less than 90 mm) under pressure oscillation were difficult or impossible to track due to their high velocity and the density of the smoke. For these reasons, it was also impossible to measure the velocity of the different agglomerates diameter under the mean pressure of 2.5 MPa. In the natural case, metal particles burn very close to the propellant surface and do not have time to couple with the acoustics. However, these burning metal particles can contribute to combustion instability for high burning rate propellant at high mean pressure through the distributed combustion mechanism. This phenomenon is the interaction of the acoustic field with burning metal droplets taking place away from the propellant surface. 44, 45 Therefore, the increase of the flow velocity of the particles due to the standing wave may trigger combustion instability by the last phenomenon.
Conclusion
This study investigated the combustion response of AP/Al/HTPB solid propellant to pressure disturbances in a closed duct pressurized under two mean pressures: 1 and 2.5 MPa in an experimental environment. The first axial acoustic mode was successfully established within the combustion chamber by an external pulser system. A high-speed camera and a microscope captured the combustion process, and high-frequency pressure sensors recorded fluctuations in the mean pressure within the tube. The particle tracking method was used to measure the flow velocity of the different particles size near the burning surface of the propellant.
The qualitative and quantitative analysis of the data revealed that the acoustic wave strongly affects the combustion product flow, the flame structure and position, the burning surface profile, the burning rate, the flow velocity of the aluminum particles, and the distribution of the agglomerates. The hot product particles follow perfectly the displacement imposed by the acoustic wave, their motion enhances the molecular mixing. Therefore, the flame stand-off distance is decreased and the heat feedback to the solid phase is increased. The continuous deformation of the regression surface profile elucidates that: the energy transferred to the unburned phase is not uniform along the exposed surface of the propellant sample. This result is confirmed by the measurement of the local burning rate value that also fluctuates. The results obtained suggest a possible oscillation in the mass, momentum, and energy released. Thus, pressure disturbances may take place. 
